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► evolution of the bar chart 
► history of radiative forcing for short-lived agents 

Climate Response 

► climate sensitivity to different types of forcing 
► comparing global/regional climate changes 
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How do criteria pollutants impact greenhouse gases ?
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CO, VOC, NOX (=NO+NO2), & CH4 control 
tropospheric chemistry 

which is the sink for CH4 & HFCs; the source for O3 
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CO becomes an indirect greenhouse gas 

CO CH4 O3OH

CO emissions are effectively 
equivalent to CH4 emissions: 

100 Tg-CO = 5 Tg-CH4 
(IPCC, TAR)




NOx (and O3 production) 
stays close to sources 

Global Inventory of Nitrogen

Oxide Emissions Constrained 

by Space-based (GOME)

Observations of NO2 Columns,

R.V. Martin et al.,

JGR, 2003.
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short-term O3 increase 
regional heating 

long-term CH4 decrease 
global cooling 



NOx becomes an indirect greenhouse gas 
(Wild, Prather, Akimoto, 2001) 

0.5 Tg-N of NOx  short-lived trop-O3 vs. long-lived CH4 & O3 
tropical, high-altitude emissions have greatest impact 

(compare with RF, later) 



IPCC / TAR:  What about the future ?


Geographic shift in NOx emissions 



IPCC / TAR: SRES A2x scenario for Y2100 
 trop O3 increases patchy, near sources and sunlight 



IPCC / TAR: SRES A2x scenario for Y2100 
 trop O3 increases largest in free troposphere 



IPCC (2001). “Changes projected in the 
SRES A2 and A1FI scenarios would 
degrade air quality over much of the globe 
by increasing background levels of O3. In 
northern mid-latitudes during summer, the 
zonal average increases near the surface 
are about 30 ppb or more, raising back-
ground levels to nearly 80 ppb, threatening 
attainment of air quality standards over 
most metropolitan and even rural regions, 
and compromising crop and forest 
productivity. This problem reaches across 
continental boundaries since emissions of 
NOx influence photochemistry on a 
hemispheric scale.” 

INCREASE IN SURFACE O3 BY 2100 



AEROSOLS: patchiness is well known and observed


CERES:  Wielicki, 2003 



AEROSOLS: modeled optical depth & RF peaks near sources


Martin R. V., D. J. Jacob, R. M. Yantosca, M. Chin, & 
P. Ginoux, Global and regional decreases in 
tropospheric oxidants from photochemical effects 
of aerosols, J. Geophys. Res., 108 (D3), 4097, 2003 



AEROSOLS: even indirect effects peak near sources




AEROSOLS: indirect effects on chemistry can reach farther


Bian H., M. J. Prather, and T. Takemura, Tropospheric aerosol impacts on trace 
gas budgets through photolysis, J. Geophys. Res. 108 (D8), 4242, 2003. 

Aerosols affect the global budgets of O3, OH, and CH4 in part through their alteration of 
photolysis rates and in part through their direct chemical interactions with gases (i.e., 
‘‘heterogeneous chemistry’’). ... Globally averaged, the impact of aerosols on 
photolysis alone is to increase tropospheric O3 by 0.63 Dobson units and 
increase tropospheric CH4 by 130 ppb (via tropospheric OH decreases of 8%). 
These greenhouse gas increases lead to an aerosol indirect effect (counting both 
natural and anthropogenic aerosols) of +0.08 W/m2. ... The predominant impact is due 
to the aerosols over land; aerosols over the ocean contribute less than a third to 
globally integrated changes. 

Aerosol-O3 photolytic coupling gives 
both increases and decreases in O3 



Martin R. V., D. J. Jacob, R. M. Yantosca, M. Chin, and P. Ginoux, 
Global and regional decreases in tropospheric oxidants from photochemical 
effects of aerosols, J. Geophys. Res., 108 (D3), 4097, 2003. 

We evaluate the sensitivity of tropospheric OH, O3, and O3 precursors to 
photochemical effects of aerosols not usually included in global models: (1) aerosol 
scattering and absorption of ultraviolet radiation, and (2) reactive uptake of HO2, NO2, 
and NO3. ... Aerosols decrease the O3 O(1D) photolysis frequency by 5-20% at the 
surface throughout the Northern Hemisphere (largely due to mineral dust) and by a 
factor of 2 in biomass burning regions (largely due to black carbon). Aerosol uptake of 
HO2 ... Annual mean OH concentrations decrease by 9% globally and by 5-35% in 
the boundary layer over the Northern Hemisphere. Simulated CO increases by 5-
15 ppbv in the remote Northern Hemisphere, improving agreement with 
observations. Simulated boundary-layer O3 decreases by 15-45 ppbv over India during 
the biomass burning season in March, and by 5-9 ppbv over northern Europe in 
August, again improving comparison with observations. We find that particulate matter 
controls would increase surface O3 over Europe and other industrial regions. 
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IPCC 1st Assessment Report (1990) 

Chapter 2. Shine, Derwent, Wuebbles, Morcrette 

RFs summed


? the first IPCC RF bar chart ? 




RFs not summed 



Separate global vs. regional (NH) RFs




RFs impacted by short-lived gases and aerosols
(N.B. not included in Kyoto)



IPCC / AR4 / WGI - ? new bar chart ?


How to convey RF message? stronger emphasis on timescales


Many 
key 

warming 
agents 
live for 

decades 
or more 

All 
known 

cooling 
agents 

are 
short-
lived 

NOx  CH4 ? 



Aviation’s impact on the atmosphere is not uniform 
(IPCC, 1999) 

Aviation fuel burn (ca. 1992) 



Aviation’s impact on the atmosphere is not uniform 

O3 increases 
(1992-2015) 



Aviation’s impact on the atmosphere is not uniform 

CONTRAILS 



The RF from O3 & contrails is primarily in the NH; 
that from CO2 & CH4 is global. 

Does this mean different regional climate change ? 
– or even a different global mean surface warming ? 



Aviation addresses the BC problem 

but it is not a major RF 



What is the History of Anthropogenic RF ?


OK for long-lived gases 

poor for aerosols and O3 

Global sulfate, BC, OC ??? 

COOLING WARMING




Trends in free tropospheric O3 

0.5?? ppb/y 

? 1750 

J. A. Logan 

1750 2000 O3 
“observed” 25 to 34 DU 
modeled CH4 +4.6 DU 
cause NOX +4.1 

CO +1.2 
VOC +0.5 



IPCC TAR:  How well do we know the history of RF?


tropospheric O3 ? aerosols ? 
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The term "climate sensitivity" has different meanings:

Perhaps the earliest modern usage was as

the equilibrium climate sensitivity to doubled CO2, ∆T,

where the climate sensitivity ∆T, in oC, is the increase 
in global mean surface temperature (<∆Tsurf>) after 
the climate system has come into balance with twice 
the atmospheric abundance of CO2.







This definition of climate sensitivity is traditional, 
but has its problems.  

For example, the best current estimate of the RF for a 
doubling of CO2 (e.g., 275 to 550 ppm) is 3.7 W m-2,

but it has become clear that not all models calculate the 
same RF for doubled CO2 ! This problem is being 
addressed in the IPCC 4th Assessment Report.



A more recent usage is as

the climate sensitivity parameter, λ, 

where the parameter λ, in oC per W m-2, is the 
proportionality constant relating the change in RF 
to the increase in global mean surface temperature
(<∆Tsurf>) after the climate system has come into 
balance with change in externally imposed forcing.

The premise that λ is approximately the same for
different types of forcings (e.g., CO2, tropospheric O3,
sulfate aerosols, BC) is the cornerstone behind the
RF bar charts, the GWPs used in Kyoto, etc.

∆T  =  λ ∆RF



the climate sensitivity parameter, λ, 

∆T  =  λ ∆RF

for doubled CO2, ∆RF = 3.7 W m-2, 

for a temperature change of <∆Tsurf> = 3oC (Charney)

yields λ = 0.8oC per W m-2



Can we just sum the ±RFs ?

projected 2050 aviation RF

CO2 +.074  W m-2

O3 +.060
CH4 –.045
contrails +.100
strat H2O +.004
sulfur –.009
soot +.009

overall 2050 RF
Greenhouse gases +5.8
Aerosols –1.9





+.193  W m-2

+3.9  W m-2




Not if the climate sensitivity parameters λ are different.



CO2

∆T∆RF

sulfate





How do we calculate λ with climate models?

Hansen et al 1997
λ varies by 50% among different types and locations 
of RF (CO2, solar, CH4, O3, aerosols, ...) 
λ for trop O3, varies from 0.7 – 1.25 due to cloud feedbacks

Rotstayn & Penner 2001
λ calculated for CO2 and aerosols, including indirect effects,
gives 0.8±0.2 K / W m-2, consistent if indirect included in RF. 

Joshi et al 2003
λ for CO2 from 3 models ranges from 0.4 to 1.1 K / W m-2 !!! 
λ range for CO2 , solar and trop O3 for single model: 0.7 – 1.2
λ larger for strat O3 (?how is RF defined)



Radiative forcing and climate response
J. Hansen, Mki. Sato & R. Ruedy

J. Geophys. Res. 102, 6831-6864, 1997.

We examine the sensitivity of a climate model to a wide range of radiative forcings, including changes of solar 
irradiance, atmospheric CO2, O3, CFCs, clouds, aerosols, surface albedo, and a "ghost" forcing introduced at 
arbitrary heights, latitudes, longitudes, seasons, and times of day. We show that, in general, the climate 
response, specifically the global mean temperature change, is sensitive to the altitude, latitude, and nature of 
the forcing; that is, the response to a given forcing can vary by 50% or more depending 
upon characteristics of the forcing other than its magnitude measured in Watts per 
square meter. The consistency of the response among different forcings is higher, 
within 20% or better, for most of the globally distributed forcings suspected of 
influencing global mean temperature in the past century, but exceptions occur for 
certain changes of ozone or absorbing aerosols, for which the climate response is less 
well behaved. In all cases the physical basis for the variations of the response can be understood. The 
principle mechanisms involve alterations of lapse rate and decrease (increase) of large-scale cloud cover in 
layers that rae preferentially heated (cooled). Although the magnitude of these effects must be model-
dependent, the existence and sense of the mechanisms appear to be reasonable. Overall, we reaffirm the 
value of the radiative forcing concept for predicting climate response and for comparative studies of different 
forcings; indeed, the present results can help improve the accuracy of such analyses and define error 
estimates. Our results also emphasize the need for measurements having the specificity and precision 
needed to define poorly known forcings such as absorbing aerosols and ozone change. Available data on 
aerosol single scatter albedo imply that anthropogenic aerosols cause less cooling than has commonly been 
assumed. However, negative forcing due to the net ozone change since the 1979 appears to be have 
counterbalanced 30-50% of the positive forcing due to the increase of well-mixed greenhouse gases in the 
same period. As the net ozone change includes halogen-driven ozone depletion with negative radiative 
forcing and a tropospheric ozone increase with positive radiative forcing, it is possible that the halogen-driven 
ozone depletion has counterbalanced more than half of the radiative forcing due to well-mixed greenhouse 
gases since 1979.













Regional forcings & response present an assessment challenge

--especially aerosols--

Menon et al. (2002):  

black carbon and Asian precipitation.  

Rostayn and Lohmann (2002):  

aerosols link to African drought



Aerosols plus tropospheric O3 =  regional climate change

Will we move to assessing regional climate impacts 
from regional RF sources?

Michael is confounded by 
regional climate change.  

Yes, the capability is or will soon be there.

How does this fit under the FCCC premise 
that “we are all in the same boat“ ?  

How will this overlap with the convention on
Long-Range Transboundary Air Pollution ? 


